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Sonic Hedgehog promotes the development of
multipotent neural crest progenitors endowed
with both mesenchymal and neural potentials
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In the vertebrate embryo, the cephalic neural crest cells (CNCCs)
produce cells belonging to two main lineages: the neural [including
neurons, glial cells of the peripheral nervous system (PNS), and
melanocytes] and the mesenchymal (chondrocytes, osteoblasts,
smooth muscle cells, and connective tissue cells), whereas the
trunk NCCs (TNCCs) in amniotes yield only neural derivatives.
Although multipotent cells have previously been evidenced by in
vitro clonal analysis, the issue as to whether all of the mesenchymal
and neural phenotypes can be derived from a unique NC stem cell
has remained elusive. In the present work, we devised culture
conditions that led us to identify a highly multipotent NCC en-
dowed with both neural and mesenchymal potentials, which lies
upstream of all the other NC progenitors known so far. We found
that addition of recombinant Sonic Hedgehog (Shh) increased the
number of CNCC progenitors yielding both mesenchymal and
neural lineages and promoted the development of such precursors
from the TNCC. Shh decreased the neural-restricted precursors
without affecting the overall CNCC survival and proliferation. By
showing a differential positive effect of Shh on the expression of
mesenchymal phenotypes (i.e., chondrocytes and smooth muscle
cells) by multipotent CNCCs, these results shed insights on the in
vivo requirement of Shh for craniofacial morphogenesis. Together
with evolutionary considerations, these data also suggest that the
mesenchymal-neural precursor represents the ancestral form of
the NC stem cell, which in extinct forms of vertebrates (the
ostracoderms) was able to yield both the PNS and superficial
skeleton.
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I n the vertebrate body, a large diversity of cell types arises from
the neural crest (NC), which forms from the dorsolateral
ridges of the neural primordium and yields migratory cells that
colonize a variety of tissues in the embryo. In trunk NC cells
(TNCCs), the developmental repertoire is limited to neurons
and glial cells of the peripheral nervous system (PNS), skin
melanocytes, and endocrine (adrenomedullary) cells. In addition
to these neural types of derivatives, the cephalic NCCs (CNCCs)
generate a large amount of mesenchymal cells forming carti-
lages, bones, smooth muscles, adipose, and connective tissues in
the head and neck (1, 2). In vitro culture and in vivo labeling of
single NCCs have provided compelling evidence that some avian
and mammalian NCCs are multipotent (3-15). At migration
time, CNCCs and TNCCs are heterogeneous, including fully
committed cells together with bi- and multipotent progenitors.
Moreover, some of these progenitors exhibited the capacity to
self-renew (11, 14-17). From previous in vitro clonal analysis of
quail CNCCs, we proposed a model of NC lineage segregation
in which neurons, glia, melanocytes, myofibroblasts/smooth mus-
cle cells, and chondrocytes arise from progenitors that under-
went progressive restrictions in the potentialities of a putative
multipotent NC stem cell able to give rise to all of the NC cell
types (1, 18). Although these studies revealed the presence of a
few common progenitors to mesenchymal and neural cells in
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early migratory CNCCs, the existence of a unique precursor for
all NC-derived lineages has so far remained hypothetical. In
addition, the environmental factors that would support the
development of such mesenchymal-neural NCCs are still await-
ing identification.

Until now, most of the studies aimed at elucidating the
influence of environmental factors on NCC clonal progeny have
concerned growth factors acting on neuronal, glial, and mela-
nocytic phenotypes (15, 16, 19-27). Transforming growth factor
B was shown to drive TNCCs along the myofibroblast phenotype
(19, 28). However, the signaling molecules able to promote
mesenchymal (particularly chondrocytic) differentiation of mul-
tipotent NC progenitors remained to be identified. One candi-
date is the morphogen Sonic Hedgehog (Shh), which, among
pleiotropic effects during embryogenesis, is crucial for the
development of the brain, face, and cranial skeleton (29, 30).
Previous studies have pointed to different roles of Shh signal on
CNCCs in promoting the survival of migratory CNCCs, growth,
and patterning of NC-derived mesenchyme and chondrogenesis
in the branchial arch (30-34). However, whether Shh acts on a
particular subset of CNCC progenitors was so far unknown. In
the present work, we took advantage of the possibility to isolate
pure populations of CNCCs from the quail embryo, and we used
an efficient in vitro clonal culture system to investigate the effect
of exogenous Shh on the NCC developmental repertoire. We
show that Shh promotes CNCC and TNCC differentiation into
chondrocytes. Moreover, Shh differentially favors the develop-
ment of NC progenitors endowed with both mesenchymal
skeletogenic and neural potentials, including a previously unde-
scribed, highly multipotent CNCC lying upstream of all the other
NC progenitors described so far.

Results

Shh Treatment Promotes Mesenchymal, Not Neural, Fates of CNCCs in
Mass Cultures. With the aim of analyzing the whole set of CNCC
potentialities, we devised culture conditions that improve chon-
drocyte differentiation and explored the possible effect of the
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Fig. 1. Influence of Shh treatment in CNCC mass cultures. Phenotype analysis

in d6 cultures of mes-rhombencephalic NCCs grown in the absence and
presence of Shh. (A-E) Chondrocytes are identified by phase-contrast micros-
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morphogen Shh on NC phenotypes (i.e., chondrocytes, myofi-
broblasts, melanocytes, neurons, and glial cells). For this pur-
pose, mes-rhombencephalon CNCCs harvested after 24 h of
primary culture were grown in the absence or presence of
recombinant Shh at doses of 1, 10, and 100 ng/ml.

Treatment with Shh stimulated differentiation of chondro-
cytes in day 6 (d6) cultures as assessed by Alcian blue staining
and expression of the early chondrocyte marker Sox9 (35) and
chondroitin sulfate (Fig. 1 A-D). Cartilage nodules differenti-
ated in 58% (n = 119) of control cultures, whereas exposure to
Shh at 10 and 100 ng/ml increased this frequency up to 63% (n =
135) and 88% (n = 138), respectively (P < 0.001). Although only
1 to 5 cartilage nodules developed in control cultures, up to 50
nodules per culture formed in the presence of 10 and 100 ng/ml
Shh (Fig. 1E). Treatment with 1 ng/ml Shh did not alter
chondrocyte differentiation, compared with controls (data not
shown).

The total number of «SMA™ myofibroblasts as well as the
proportion of SMA™ cells that incorporated BrdU after 1-h
pulse was significantly higher after Shh treatment than in
controls (Fig. 1 F-H), indicating that Shh enhances both differ-
entiation and proliferation of myofibroblasts/smooth muscle
cells. The number of glial cells, melanocytic cells, and neurons
was not modified upon Shh treatment (Fig. 17). Noticeably, Shh
did not change the total number of CNCCs as determined by
counting quail cell nuclei after Hoechst staining (data not
shown). The rate of cell death, as determined by TUNEL
staining, was low in both treated and untreated cultures (data not
shown).

Therefore, continuous exposure of CNCCs to Shh differentially
promoted generation of cells belonging to mesenchymal lineages
(chondrocytes and myofibroblasts) and had no detectable effect on
neural (neuronal, glial, and melanocytic) phenotypes.

Early Treatment of CNCCs with Shh Increases the Frequency of
Chondrogenesis in d6 Mass Cultures. To further characterize the
effect of Shh, we first studied CNCC response to different time
windows of exposure to Shh. Addition of Shh during the first 48 h
of culture (d0-d2) turned out to be necessary and sufficient for
inducing the maximal increase in the number of cartilage nodules
in d6 cultures, compared with untreated cells, whereas cultures
treated with Shh from d2 to d6 were similar to untreated ones
(Fig. 24). We next investigated whether the chondrogenic ability
of CNCCs varied according to the time at which migratory
CNCCs were harvested from primary cultures, and we compared
the chondrogenesis rate between CNCCs taken from either the
mesencephalon or anterior rhombencephalon (rhombomere 1
R1 and R2). Consistent with previous results on CNCCs isolated
from whole mes-rhombencephalon, dO to d2 treatment with Shh
increased chondrogenesis by mesencephalic and R1-R2 NCCs
whenever harvested after 15 or 24 h of primary culture (Fig. 2B).
However, mesencephalic NCCs provided a significantly higher
rate of chondrogenesis than R1-R2 NCCs. Shortening the

copy (A), Alcian blue staining (B), expression of Sox9 transcripts (C), and
immunoreactivity to chondroitin sulfate (D). (Magnification: A, X200; B-D,
x55.) (E) Quantification of chondrogenesis is given by the number (%) of
cultures containing indicated numbers of cartilage nodules per culture (n =
119, 135, and 138 cultures in control, 10 ng/ml Shh, and 100 ng/ml Shh,
respectively). (F and G) Labeling of myofibroblasts with aSMA (red) and BrdU
nuclear incorporation (green) in control (F) and 100 ng/ml Shh-treated (G)
cultures. (H) The total number of aSMA™* cells and the number of BrdU™*
aSMA™ cells are given as mean % (+ SEM) of total CNCCs in control and
Shh-containing media (n = 25; *, P < 0.05; **, P < 0.001). (/) Quantification of
glia, melanocytes, and neurons (see Materials and Methods) is shown as mean
% (= SEM) of CNCCs for each phenotype in Shh-treated and untreated
cultures.
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Fig.2. Early exposure to Shh is critical to increase chondrogenesis by CNCCs in mass cultures. (A) The mean number (= SEM) of cartilage nodules per d6 culture
of mes-rhombencephalic NCCs is shown in the absence and presence of 100 ng/ml Shh added during the first 48 h (d0-d2) or from d2 to d6 (n = 28; **, P<0.001).
(B) Chondrogenesis by CNCCs isolated after 15- or 24-h migration from explanted mesencephalon, and anterior rhombencephalon (R1-R2) is given by mean
number (+ SEM) of cartilage nodules per d6 culture grown with and without 100 ng/ml d0-d2 Shh addition (n = 10; **, P< 0.001; *, P < 0.05). (C) Quantification
of Sox9* cells (mean number = SEM) in d2 cultures of mesencephalic NCCs (harvested after 15 h) grown in control medium alone (—Shh) or with addition of either
100 ng/ml Shh (+Shh) or 5 uM cyclopamine (—=Shh + Cyc) or both (+Shh + Cyc) (n = 4; **, P < 0.001). As determined by counting Hoechst-stained quail nuclei,
the mean total number of cells did not significantly differ between culture conditions (data not shown).

duration of primary culture to 15 h (instead of 24 h) resulted in
a marked enhancement of chondrogenic differentiation by both
mesencephalic and R1-R2 NCCs (Fig. 2B).

To analyze the early response of mesencephalic NCCs to Shh,
prechondrogenic cells were identified at d2 by the expression of
Sox9 transcripts (36). Shh caused a 4-fold increase in the number
of Sox9* cells over controls while not altering the total cell
number in d2 cultures (Fig. 2C). This effect was blocked by
cyclopamine, a specific inhibitor of the Shh pathway (37).
Treatment with both cyclopamine and Shh reduced the Sox9*
cell number to that observed in untreated cultures, whereas
cyclopamine addition in the absence of Shh had no effect (Fig.
2C). To determine whether Shh influenced the proliferation rate
of prechondrocytes, we analyzed BrdU incorporation by Sox9*
cells in d2 cultures. The proportion of BrdU* Sox9™ cells did not
differ in the absence (10.4 * 5.4%) and presence (6.4 * 2.1%;
P = 0.2) of 100 ng/ml Shh. Moreover, neither labeling of
collagen2al* chondrocytes with phosphohistone H3 in d4 cul-
tures nor incorporation of BrdU by chondroitin sulfate* cells in
d6 cultures revealed a significant difference between Shh-treated
and untreated cells (data not shown). Taken together, these
results show that Shh acts during the first 48 h of culture to
promote survival and/or differentiation of Sox9* prechondro-
genic cells, which are particularly numerous in the early mesen-
cephalic NCCs.

Shh Increases Multipotent Mesenchymal Cells While Decreasing the
Number of Only-Neural Progenitors in CNCC Clonal Cultures. To
identify the types of progenitors present in CNCCs, we per-
formed clonal cultures by using the CNCC population that
exhibited the highest chondrogenesis rate (i.e., NCCs that had
migrated from explanted mesencephalon for 15 h). After 10 days
in the absence or presence of 100 ng/ml Shh added during dO to
d2, the proportion of plated CNCCs that were clonogenic was
similar in untreated and Shh-treated cultures [with a clonal
efficiency of 47% (n = 126) and 55% (n = 150), respectively]
(P = 0.2). The clones comprised from 50 to ~10,000 cells in both
conditions (data not shown). Phenotype analysis indicated that
exposure to Shh significantly increased the overall frequency of
the clones containing chondrocytes and those containing myo-
fibroblasts without changing the proportion of those including
glia, neurons, or melanocytes (Fig. 34). Eighteen different clone
types were recorded according to the cell types they contained
(Fig. 3F). Although unipotent [i.e., chondrocytic (C), myofibro-
blastic (F), glial (G)] or bipotent [i.e., glial melanocytic (GM),
glial myofibroblastic (GF), glial chondrocytic (GC), myofibro-
blastic chondrocytic (FC), and melanocytic chondrocytic (MC)]
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clonogenic cells were found, the vast majority of progenitors
yielded three to five different cell types in both media. Notice-
ably, we identified a highly multipotent GNMFC progenitor able
to give rise to all of the expected phenotypes [glial, neuronal,
melanoblastic, myofibroblastic, and chondrocytic (Fig. 3 B-E)].
GNMEFC progenitors showed a significantly higher frequency in
the presence than in the absence of Shh (18.5% vs. 6.5%; P =
0.02) (Fig. 3F). The size of GNMFC progeny ranged from 80 to
~5,000 cells and did not differ in both medium conditions, where
the majority of these clones (44% vs. 57% in the absence and
presence of Shh) included ~1,000 to 5,000 cells. In cultures
exposed to Shh, we identified two other, unreported so far,
multipotent progenitors endowed with both mesenchymal and
neural potentials: GNFC yielding glia, neurons, myofibroblasts,
and chondrocytes and GMC progenitors generating glia, myo-
fibroblasts, and chondrocytes. Together the chondrogenic pro-
genitors reached 43% of clonogenic cells after Shh addition,
compared with 15.5% (P = 0.002) in the absence of Shh
(Fig. 3F).

Taken together, the mesenchymal-neural progenitors ac-
counted for 69.5% of clonogenic cells after exposure to Shh,
compared with 39% in control medium (P < 0.001), because the
frequency of purely mesenchymal precursors (i.e., C, F, and FC
precursors) was low in both conditions. Conversely, only-neural
progenitors developed with significantly higher frequency in the
absence than in the presence of Shh (58.5% vs. 25.5%, respec-
tively; P < 0.001) (Fig. 3F). Because the survival of clonogenic
cells did not differ in the absence and presence of Shh, data argue
that Shh promotes the development of multipotent progenitors
belonging to both mesenchymal and neural lineages at the
expense of CNCCs whose fate is restricted to only-neural cell

types.

TNCCs Include Shh-Responsive, Multipotent Chondrogenic Progeni-
tors. Because Shh promotes in vitro chondrogenesis by CNCCs,
we investigated whether treatment with 1, 10, and 100 ng/ml Shh
also was able to trigger chondrocyte differentiation of TNCCs.
In d8 mass cultures prepared as for CNCCs, we found that
TNCCs give rise to chondrocytic cells (Fig. 4 A-D). Differenti-
ation of chondrocytes occurred in 16% (n = 56) of control
cultures versus 43% (n = 56; P < 0.0003) and 36% (n = 56; P =
0.02) of cultures exposed to 1 and 10 ng/ml Shh, respectively.
Moreover, although TNCCs produced only 1-3 chondrocyte
nodules in the absence of Shh, 6—15 nodules developed in the
presence of 1 and 10 ng/ml Shh (Fig. 4E). TNCCs did not show
enhancement of chondrogenesis after treatment with 100 ng/ml
Shh (data not shown). Exposure to Shh did not influence TNCC
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Fig. 3.  Shh treatment of mesencephalic NCC clonal cultures promotes the
development of mesenchymal-neural progenitors at the expense of neural ones.
Phenotypic analysis of d10 clonal cultures of early harvested mesencephalic NCCs
grown with and without 100 ng/ml Shh added during d0—d2 (data from 126
control and 150 Shh-treated colonies in three independent experiments). (A)
Overall frequency (mean % + SEM) of the clones containing chondrocytes,
myofibroblasts, melanocytes, neurons, and glial cells (see Material and Methods)
(**, P<0.001). (B-E) Microscopic views (X 140) of a GNMFC colony in Shh-treated
cultures showing glial cells (HNK1* in green, Hoechst-stained nuclei in blue) (B),
a chondrocyte nodule (chondroitin sulfate™ in green) and neurons (TH/B-TubllI™
in red) (C), myofibroblasts (¢<SMA™* in red) surrounding the cartilage nodule (D),
and melanocytic cells (MelEM+ in green) next to the neurons (in red) and the
cartilage aggregate (Hoechst nuclear staining in blue) (E). (F) Scheme of the
various types of progenitors recorded in the absence and presence of Shh accord-
ing to the combination of cell types in their progeny (G, glial cells; N, neurons; M,
melanocytes; F, myofibroblasts; C, chondrocytes). The frequency (% of total
clones) of each progenitor type, as well as the total frequency of chondrogenic
(C*F*/~ in blue), myofibroblastic nonchondrogenic (C"F* in yellow), and neural
(C"F~ inwhite) progenitors are indicated. Data are summarized by the respective
contribution of mesenchymal-neural (in blue-yellow), only-neural (in white), and
only-mesenchymal (i.e., C, F, and FC; in black) progenitors.

differentiation along nonchondrocytic phenotypes, as assessed
by counting the total number of glial, neuronal, melanocytic, and
myofibroblastic cells in Shh-treated and untreated d8 cultures
(data not shown).
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Fig. 4. Shh treatment of TNCC cultures promotes chondrogenesis. (A-D) Mi-

croscopic views of chondrocytes in d8 mass cultures of TNCCs in the absence (Band
Q) and presence (A and D) of 10 ng/ml Shh as identified by Sox9 expression (A),
Alcian blue staining (B), and immunoreactivity to chondroitin sulfate (C and D).
(Magnification: x55.) (E) Quantification (%) of the cultures according to indi-
cated increasing numbers of cartilage nodules in control medium and after
exposure to 1 and 10 ng/ml Shh (n = 56). (F-I) Microscopic views show a glial,
myofibroblastic, and chondrocytic (GFC) colony in the presence of 10 ng/ml Shh,
which contains chondrocyte aggregates (G, chondroitin sulfate labeling in green;
F, merged with Hoechst staining in blue), «SMA* myofibroblasts (H, in red), and
HNK1™ glial cells (/, in green). (Magnification: F~H, X100; /, X330.)

To investigate the developmental potential of chondrogenic
TNCCs, we searched for the presence of chondrocytes in TNCC
clonal cultures grown in the absence and presence of Shh. None
of the TNCCs plated in control medium (n = 225) yielded a
clonal progeny that included chondroitin sulfate-positive chon-
drocytes. In the presence of 10 ng/ml Shh, we identified one
clone (of 225 plated cells) that contained chondrocyte nodules,
glial cells, and myofibroblasts (Fig. 4 F-I).

Calloni et al.
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Discussion

CNCCs contribute widely to vertebrate head development by
yielding the cranial PNS and melanocytes, smooth muscle compo-
nents, and most craniofacial skeletal structures (1, 2). Despite
previous evidence that a rare CNCC subset has the potential to
develop in vitro along some representatives of both mesenchymal
(chondrogenic and myofibroblastic) and neural (neuronal, glial,
and melanocytic) sublineages (4, 8, 15), the issue of whether the
multiple CNCC-derived cell types arise from a common stem cell
remained unanswered, and the growth factors regulating the dif-
ferentiation of CNCC mesenchymal progenitors were still to be
defined.

Taking advantage of the possibility of isolating CNCC popula-
tions from quail embryos and analyzing their developmental rep-
ertoire in single-cell culture, we identified a highly multipotent
progenitor capable of giving rise to glia, neurons, melanoblasts,
myofibroblasts, and chondrocytes in mesencephalic NCCs. This
multipotent mesenchymal-neural progenitor lies upstream of the
various progenitors that have been identified in the NC so far (18),
thus supporting a hierarchical model of CNCC diversification
whereby mesenchymal and neural cell types originate from a
common NC stem cell. At present, specific markers to identify
multipotent GNMFC cells are lacking, which allows isolating these
cells and testing their ability to self-renew.

We challenged CNCC cultures with the signaling molecule Shh,
which is required for craniofacial development and is expressed in
ventral pharyngeal endoderm and branchial arch ectoderm during
CNCC migration (29, 30). Highly multipotent mesenchymal-neural
CNCC progenitors are responsive to Shh, which markedly increases
their frequency in clonogenic cells. The GNMFC cell thus repre-
sents the most widespread progenitor (18.5%) recorded in the
presence of Shh. These findings are in accordance with the positive
role of Shh on stem cells in other systems such as the adult
mammalian brain (38-40). In CNCCs, Shh increases the mesen-
chymal-neural progenitors (from 39% to 69.5%) while decreasing
the only-neural ones (from 58.5% to 25.5%) and not altering the
overall number of clonogenic CNCCs. This finding is consistent
with Shh role in expanding the mesenchymal-neural progenitors at
the expense of those restricted to a neural fate (Fig. 3F). The
alternative possibility that Shh may act on survival and/or prolif-
eration of mesenchymal-neural CNCCs is unlikely because the
latter scenario would have involved an increase in the total number
of progenitors in the presence of Shh. The present findings,
however, are in line with the possibility that Shh may regulate NCC
survival, adhesion, and neuronal differentiation at various devel-
opmental stages, as shown in other experimental systems (30, 32, 33,
41-43).

Stimulation of the development of mesenchymal-neural progen-
itors by Shh consists mainly of enhancing chondrogenic ability of
CNCCs because the overall frequency of chondrogenic progenitors
(C*F*/7) (Fig. 3F) highly increases in Shh-treated clones. Shh also
increases the overall frequency of myofibroblastic progenitors.
However, such an effect is only significant for those that possess
chondrogenic potential (C*F*) (Fig. 3F). Our results argue that
Shh, although favoring expression of mesenchymal phenotypes, is
particularly efficient in driving CNCCs along the chondrogenic
differentiation program. A proskeletogenic effect of Shh also has
been shown in mesenchymal stem cells and somitic tissue (44—47).

The analysis of CNCC mass cultures supports the conclusions
drawn from single-cell cultures that only the mesenchymal fates of
CNCCs are promoted by Shh. Shh treatment enhances chondro-
genesis only if applied within a d0—d2 time window, indicating an
early action of Shh on chondrocyte progenitors (Fig. 2C). Shh
increases by 4-fold the number of Sox9™ prechondrogenic cells with
no detectable effect on their proliferation and the total CNCC
number. Shh signaling on Sox9" CNCCs is mediated through the
receptor Smoothened because it is blocked by cyclopamine (37).

Calloni et al.

Because in vivo Sox9 is expressed in all chondrocyte progenitors and
differentiated chondrocytes (35, 48) and is required for the deter-
mination of the chondrogenic lineage in CNCCs (36), we hypoth-
esize that Shh prochondrogenic action on multipotent CNCCs
could be exerted through the induction and/or maintenance of Sox9
activity. Further investigations are required to know whether Shh
can up-regulate Sox9 gene activity directly, as shown in mesoderm-
derived chondrocytes (45), or whether it cooperates with other
growth factors known to enhance chondrogenesis by CNCCs, such
as FGF2 and FGF8 (33, 49).

Compared with mesencephalic NCCs, the response to Shh
decreases in R1-R2 (Fig. 2B) and is low in R3-R8 (data not shown)
mass cultures. Such graded potential to undergo Shh-dependent
chondrogenesis by cultured CNCCs is in accordance with the
different fates of rostrocaudal CNCCs in vivo, which show de-
creased generation of skeletal elements by rhombencephalic, com-
pared with mesencephalic NCCs, and the absence of such deriva-
tives in the TNC of amniotes. The skeletogenic ability of
anteriormost CNCCs has been functionally related to the absence
of Hox gene expression (50-52). Whether Hox gene status and Shh
responsiveness of mesenchymal NC progenitors are linked thus
remains to be explored.

The present work shows in vitro chondrocyte differentiation of
TNCCs, a finding described previously (53-55). Similarly to
CNCCs, chondrogenesis by TNCCs is markedly increased in the
presence of Shh. However, compared with CNCCs, lower doses (1
and 10 ng/ml) of Shh are efficient, suggesting that Shh signal
transduction or NCC behavior (or both) is differently regulated at
cephalic and trunk levels. The rate of chondrogenesis is much lower
in TNCCs than in CNCCs, as shown by the proportion of chon-
drogenic cultures and the number of cartilage nodules generated.
Assuming that every nodule in mass cultures originates from a
single chondrogenic cell, the proportion of plated cells that are
chondrogenic in the absence of Shh can be evaluated to ~0.04% in
TNCCs (corresponding to a mean number of nodules of 0.3 per 800
cells) and 4% (16 nodules per 400 cells) in mesencephalic NCCs,
respectively. In the presence of Shh, these estimated proportions of
chondrogenic cells increase to 0.25% and 10% in TNCCs and
mesencephalic NCCs, respectively. Such a low frequency of chon-
drogenic TNCC:s likely explains that the TNCC clonal assay led to
identifying a single chondrogenic progenitor of 225 cells plated in
the presence of Shh. This progenitor yields glia, myofibroblasts, and
chondrocytes, revealing that TNCCs include rare oligopotent cells
endowed with both mesenchymal and neural potentials. Avian
TNCC:s are unable to form cartilage in vivo even when challenged
by transplantations to cranial levels (56, 57). However, together
with the recent evidence that cultured TNCCs differentiate into
adipocytes (58), the present findings suggest that NCC potentiali-
ties, whether mesenchymal or neural, are widespread, but differ-
entially distributed along the axial level in amniotes.

It is interesting to underline that the most primitive skeletal
structures of the early vertebrates were superficial dermal calcified
tissues bearing tooth-like structures, which have been assumed to be
of NC origin (59). The craniofacial skeleton in higher vertebrates
and the dorsal fin in teleosts are the only remnants of this more
extended armor of extinct vertebrates. Therefore, we consider the
mesenchymal-neural progenitors found in the avian NC as more
primitive than the only-neural ones. According to this view, the
latter could be derived from the former. In some of these neural
progenitors, Shh signal is able to reveal the potentiality, which they
have not completely lost, of giving rise to mesenchymal derivatives.
The epigenetic processes controlling gene expression allow dor-
mant mesenchymal potentialities to emerge when NC progenitor
cells are submitted during a definite time window to the appropriate
environmental signals such as Shh. Thus, one can put forward the
hypothesis that most, if not all, of the NCCs were originally of
the mesenchymal-neural type. During evolution, regression of the
superficial bony structures substituted for by the internal skeleton
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resulted in strong reduction of mesenchymal potencies in the NCCs,
which vanished, but did not completely disappear, in truncal region
of amniotes.

Materials and Methods

Cell Cultures. CNCCs were isolated from the neural primordium of
six to seven somite-stage quail embryos at three different rostro-
caudal levels: (/) whole mesencephalon-rhombencephalon, (ii) mes-
encephalon, and (i) anterior rhombencephalon (i.e., R1-R2).
TNCCs were obtained from thoracic neural tubes of 20-25 somite-
stage quail embryos (15). After 15 or 24 h of primary culture, NCCs
that had migrated around explanted neural tubes were harvested
for secondary plating in mass cultures (400 cells per well for CNCCs
and 800 cells per well for TNCCs) or in clonal cultures and grown
on a feeder layer of growth-inhibited 3T3 fibroblasts (15) at a
density of 24,000 3T3 cells per well in 96-well plates. Culture
medium was DMEM 10% FCS (control medium) alone or sup-
plemented with 1, 10, or 100 ng/ml mouse N-Shh (R&D Systems,
Minneapolis, MN). In clonal cultures, 2% chicken embryo extract
(15) was added to the control medium. Cultures were maintained
at 37°C in a humidified 5% C0,/95% air atmosphere. Inhibition of
Shh signaling was performed by treatment for 2 days with 5 uM
cyclopamine (37) (Toronto Research Chemicals, Toronto).

Phenotype Analysis. Cultures were fixed with 4% paraformaldehyde
at times ranging from d2 to d10. Quail NCCs were distinguished
from mouse 3T3 fibroblasts by nuclear staining with Hoechst 33342
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